A family composed solely of daughters was produced by a pair of milkweed bugs, Spilostethus hospes (Hemiptera: Lygaeidae). The sex ratio among the offspring of the daughters was significantly female-biased, indicating that sex ratio distortion is heritable. The following results suggest that sex ratio distortion is caused by a maternally inherited, male-killing bacterium: females transmitted sex ratio distortion but males did not, egg hatch among pairs expressing sex ratio distortion was half that observed in pairs with unbiased offspring sex ratio, and pairs expressing sex ratio distortion converted to unbiased offspring sex ratio following tetracycline treatment. Successful selection for a highly female-biased sex ratio suggests that there is resistance to sex ratio distortion. Vertical transmission was incomplete and considerably reduced among females that underwent a forced delay in reproduction at cool temperatures analogous to an overwintering phase of the life cycle. An attempt to transfer bacteria horizontally by forcing early instars from a nonhost line to cannibalize host eggs was unsuccessful. With incomplete vertical transmission and no horizontal transmission, the bacterium presumably promotes its existence by boosting the reproductive success of host females, a possibility which remains to be investigated.
Introduction
Strong deviations from a 50:50 sex ratio in arthropods can be traced to a number of mechanisms.
Obligate parthenogenesis (Lamb & Willey, 1987) , haplodiploidy (Wrensch & Ebbert, 1992) , meiotic drive (Lyttle, 1991) . differential fertilization (Holloway, 1984; Hurst & Vollrath, 1992) , parthenogenesis arising from cytoplasmic incompatibility (Stouthamer et a!., 1990; Zchori-Fein et al., 1992) , feminization (Legrand et a!., 1987) , and early and late development male-killing (Hurst, 1991 (Hurst, , 1993 Ebbert, 1992) have all been shown to cause highly distorted, usually female-biased sex ratios. Microorganisms are the causal agent in many cases of female-biased sex ratio. Because they are generally inherited through maternal cytoplasm, microorganisms have no evolutionary interest in being trans-*present address: Department of Biological Sciences, University of South Carolina, Columbia, SC 29208, U.S.A. 1996 The Genetical Society of Great Britain. 201 mitted to males. They can reduce the chances of this by biasing the primary sex ratio toward females (Skinner, 1985; Hurst, 1992) . The reason malekilling agents modify the secondary sex ratio is less clear, but clues have been provided by the timing of male death (Hurst, 1991; Hurst & Majerus, 1992) . In late development male-killing, death occurs at the fourth instar or later after a period of microbial proliferation. Male death serves to disperse microbial spores and promote horizontal transmission into other female lineages (Hurst, 1991) . In early development male-killing, embryos are killed, so little time is available for microbial proliferation and horizontal transmission appears unlikely. Instead, embryonic death probably provides a resource advantage to sisters of dead males, either directly through consumption of inviable eggs or indirectly through reduced competition. This would boost reproductive success of both host females and the bacterial clonemates of the male-killers they harbour (Skinner, 1985; Hurst, 1991 Hurst, , 1993 . Although evidence that female hosts can gain a fitness advantage through resource reallocation is sparse (Ebbert, 1992) , the ecology during early development of many species appears conducive to such an effect (Hurst & Majerus, 1992) . Inbreeding and any associated inbreeding depression could also be reduced by male-killing (Werren, 1987; Ebbert, 1991) , and would favour either early or late development malekilling.
Female-biased sex ratios caused by early malekilling agents, generally bacteria (Williamson & Poulson, 1979; Gherna et al., 1991) , are known from a wide variety of insect orders (Hurst, 1991 (Hurst, , 1993 Ebbert, 1992) . However, among the Hemiptera, only one case of distorted sex ratio as a result of malekilling has been reported, and although the agent of distortion was clearly maternally inherited, no attempt was made to test for the presence of a bacterium (Leslie, 1984) .
In this study, I report on a maternally transmitted agent that causes sex ratio distortion by killing male embryos of the hemipteran Spilostethus hospes and provide suggestive evidence that the agent is a bacterium. Sex ratio distortion was suspected by discovery of an all-female family produced by a field-collected pair of bugs. Because infected females and their mates lose half their fitness through death of their sons, selection on nuclear genes should favour resistance to sex ratio distortion (Uyenoyama & Feldman, 1978; Eberhard, 1980; Cosmides & Tooby, 1981; Bull, 1983; Ebbert, 1992; Hurst, 1992) . I tested for resistance by selecting for more strongly biased female sex ratios (and against resistance) in a distorted sex ratio line. If resistance exists or if for any other reason vertical transmission is less than 100 per cent, and there is little advantage gained by killing males through resource reallocation or inbreeding avoidance, then long-term persistence of a maternally inherited agent will depend on transmission between female lineages (Hurst & Majerus, 1992) . I tested for horizontal transmission by attempting to transfer sex ratio distortion into a line with no expression of the trait.
Materials and methods
Collection site and husbandry A collection of 15 bugs was made from a patch of milkweed (Asciepias fruticosa) near Kingaroy in south-eastern Queensland, Australia in March 1992 (late summer). These bugs were used to establish a laboratory stock culture. The female that produced the all-female family was collected along with a single male from a nearby milkweed patch and kept separate from the main collection. Pairs were maintained in Petri dishes (10 cm diameter x 2.5 cm deep) provided with sunflower seeds, a cotton-stoppered water vial and a cotton wad for oviposition. Offspring were reared in plastic cups provided with sunflower seeds and a water vial at a density of no more than 50 nymphs per cup. All bugs were kept in a temperature controlled room maintained at 25°C.
Selection experiment
The 20 offspring from the all-female family were paired with males from the stock culture; 16 pairs produced offspring. Sex of offspring was assessed at the fifth (last) instar. Because sex ratio is a group trait it was necessary to employ family selection. The five pairs with the lowest percentage of male offspring were used to establish a 'low male' line, the five pairs with the highest percentage a 'high male' line, and offspring from the remaining pairs a control line on which no further selection was imposed. After the sex of each bug was determined, males and females were segregated. They remained segregated until the sex ratio of offspring from all pairs had been determined and selection could be applied. Three males and three females per family were used to set up pairs. Sib-sib matings were excluded. The three females from each family were mated with males from three different families, and likewise for males. There were occasions when not enough males were available from a selected family for use in setting up pairs. In these cases, more than three males from a selected family or males from other families within the line were used. From the total number of pairs that produced offspring (a total of 15 was always set up, and on no occasion did fewer than 10 pairs produce offspring), five pairs with extreme values for percentage male offspring were selected as parents of the next generation. In the control line, five pairs were chosen at random. For each pair, I set a goal to collect 150 eggs, but pairs were not excluded from the experiment unless they produced fewer than 25 eggs.
After three generations of selection, pairing of bugs to produce the fourth generation had to be delayed for 3 months, during which time bugs were maintained at 19°C. Families were reduced in number and some completely lost during the delay; thus the number of pairs producing fourth generation offspring was greatly reduced compared with previous generations. At this point the high-male line was dropped owing to small numbers of generation 4 bugs. Also, selection on the low-male line was
The Genetical Society of Great Britain, Heredity, 77, [201] [202] [203] [204] [205] [206] [207] [208] discontinued; rearing of the line was continued in order to provide material for other experiments. As a result of low egg production, the criterion for including a pair in the experiment was lowered to a minimum of 10 offspring. In addition to data on sex ratio, data were gathered on percentage egg hatch for each family, except for the families in generation 1.
Maternal transmission
Reciprocal crosses between the low-male and control lines were set up using generation 1 bugs to determine if sex ratio distortion was maternally transmitted. Four families from the control line and the four families with rankings of between six and nine from the low-male line provided adults. Three males and three females from each family were used to set up a total of 12 pairs for each type of reciprocal cross. Data were gathered on both sex ratio and percentage egg hatch.
Tetracycline treatment
Fourth generation adults from the low-male line were exposed to tetracycline to determine if the agent of sex ratio distortion was a bacterium. Thirty pairs of bugs were maintained on distilled water until they had produced at least 150 eggs. Distilled water was then replaced with a solution of 0.1 per cent (0.1 gIlOO mL) tetracycline (50 g/kg oxytetracyclime hydrochloride) and subsequent egg clutches collected. Thirteen of the 30 pairs produced eggs both before and after tetracycline treatment. Sex ratio and percentage egg hatch were compared between the offspring of the two groups. Offspring from 11 of the 13 pairs were raised and used to set up 32 pairs of parents. Their offspring were used to determine if a 'curing' of sex ratio distortion among offspring of tetracycline-treated adults would be maintained in the subsequent generation. Eleven of the 32 pairs produced sufficient numbers of offspring for assessing sex ratio.
Horizontal transmission
Control line nymphs were fed eggs from the low-male line to determine if sex ratio distortion could be transmitted horizontally. Successful transmission would be indicated by sex ratio distortion among the offspring of treated bugs. A day before control line eggs were due to hatch, newly laid eggs from the low-male line were added to the rearing cup. No sunflower seeds were available to newly
The Genetical Society of Great Britain, Heredity, 77, [201] [202] [203] [204] [205] [206] [207] [208] hatched nymphs; in order to survive they had to cannibalize eggs. After 5 days, nymphs were transferred to a new rearing cup provisioned with sunflower seeds and a water vial. This timing prevented contamination of control nymphs with newly hatched, low-male line nymphs because eggs take 7-8 days to hatch. Eighteen pairs of parents from generation 6 were set up and eight pairs produced offspring that were fed eggs and potentially could have obtained the sex ratio distortion trait. Twenty-four pairs of these generation 7 bugs were set up and 14 produced sufficient numbers of offspring to let sex ratio distortion be assessed.
Results

Selection experiment
The percentage of males among offspring of bugs in the all-female family was 36 per cent (261 males, 459 females). This is significantly different from a 50:50 sex ratio (x = 54.5, P <0.001). However, only 50 per cent of the 16 females produced female-biased progeny. This suggests that the trait can be spontaneously lost, or that there was resistance to sex ratio distortion among males from the stock culture. A single generation of selection produced significant differences between the control and low-male line for sex ratio [ Fig. 1 ; Mann-Whitney-Wilcoxon test, (one-tailed): U = 138.5, P<0.03 (one-tailed tests were employed because of the directional nature of the alternative hypotheses for a selection experiment)], but not between the control and high-male line (U= 129.5, P>0.15). A second generation of selection enhanced the difference between controls and the low-male line (U= 120, P<0.0001) and produced a significant difference between the highmale line and controls (U= 114.5, P<0.025). The level of sex ratio distortion reached a low of 11 per cent males in generation 3 (Fig. 1) . The degree of distortion was even more pronounced than suggested by mean sex ratio in the line: in generation 3, 50 per cent of all females failed to produce any male offspring and only one female out of 14 produced offspring with a 50:50 sex ratio. The response in the low-male line indicates that resistance to sex ratio distortion can be selected against, but even among low-resistance parents, the trait can still be lost in individual mothers. Selection on the high-male line did not cause a pronounced divergence in sex ratio compared with the control, but significant differences between this line and the control were maintained in generation 3 (U = 184.5, P<0.002). Differences between both the low-and high-male lines and the control were diminished in generation 4 (U= 28.5, P<0.02; U= 8, P>0.5, respectively), the generation that was produced from a small number of bugs following a 3-month delay in the experiment.
Percentage egg hatch in the low-male line was roughly half the hatch in either the control or highmale lines (Fig. 2) . Differences between the low-male line and control were all significant (U= 119, P<0.0001; U= 154, P<0.005; U=35, P<0.05, for generations 2, 3 and 4, respectively). Percentage egg hatch of individual pairs was also strongly correlated with the sex ratio of their offspring (Spearman rank correlation r, = 0.62, P <0.0001). These results are all consistent with sex ratio distortion being the result of mortality of male embryos.
Maternal transmission
Sex ratio and egg hatch in crosses between low-male and control bugs varied according to female identity. Many pairs with low-male line females exhibited sex ratio distortion but no pairs with control females produced fewer than 43 per cent male offspring (Fig. 3) . The mean sex ratio among offspring of pairs composed of low-male line females was 0.31 0.07 compared with 0.54 for pairs with control females. For egg hatch, the respective numbers were 45.5 per cent±5.5 and 61.3 per cent±7.7. These differences are both significant (for sex ratio, U= 110.5, P<0.025; for egg hatch, U= 102.5, P<0.05). Clearly, males from the low-male line do not possess the capacity to transmit sex ratio distortion; this ability resides only with females. The difference in egg hatch between the reciprocal crosses suggests that the difference in sex ratio is the result of higher male embryonic mortality.
Tetracycline treatment
The highly distorted sex ratios characteristic of the low-male line were converted to 50:50 sex ratios by treatment with tetracycline (Fig. 4) The difference is even more pronounced if pairs not exhibiting sex ratio distortion before treatment are removed from the calculations. Percentage hatch is then 15.2 per cent±1.9 before treatment and 29.3 per cent 3.0 after treatment. This doubling following tetracycline treatment is precisely the magnitude expected if treatment restores normal sex ratios by preventing male embryos from being killed.
The 50:50 sex ratio among offspring of tetracycline-treated parents was maintained in the following generation, suggesting that these individuals had been 'cured' of the sex ratio distortion trait. The sex ratio among offspring of cured individuals was 0.52 compared with 0.11 among offspring of their uncured siblings (bugs produced before their parents were treated with tetracycline). One family (out of a total of 12) produced by cured parents did exhibit a significantly female-biased sex ratio (5 males, 35 females; x = 22.5, P<0.001). This family was not followed further so it is unknown whether the biased sex ratio was a genuine expression of sex ratio distortion, but it suggests that curing with tetracycline can be incomplete.
Horizontal transmission
There was no evidence for distorted sex ratios among offspring of bugs fed eggs from the low-male line. Among 14 families the sex ratio was 0.55 0.03. The most extreme female-biased sex ratio was 0.33 in a family of only 27 individuals; this sex ratio is not significantly different from 50:50 (J = 3.0, P = 0.087).
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Discussion
Sex ratio distortion in S. hospes is caused by a cytoplasmically transmitted agent that kills male embryos. The female-biased sex ratio among offspring of daughters in the all-female family indicates that sex ratio distortion is heritable. However, only females from female-biased families were capable of transmitting sex ratio distortion; crosses with males from these families resulted in 50:50 sex ratios. This suggests that the trait is transmitted via maternal cytoplasm. A strong correlation between hatching success and sex ratio, and a percentage egg hatch among females expressing sex ratio distortion that was half the percentage among controls both indicate that sex ratio distortion occurs as a result of the death of male embryos. Tetracycline treatment of adults that were producing female-biased offspring rapidly resulted in the production of offspring with 50:50 sex ratios. These offspring appear to have been cured of the sex ratio distortion trait because they in turn produced offspring with normal sex ratios. Susceptibility of sex ratio distortion to tetracycline indicates that the agent of distortion is likely to be a bacterium that can be removed from a lineage or at least sufficiently reduced in number to enable male embryos to survive.
Resistance
Response to selection in the low-male line could have been the result of declines in genetically based resistance to bacteria, selection among bacteria for more efficient transmission or greater lethality, or a simple build-up of bacterial numbers over time.
Bacterial titre can certainly play a role in transmission success. Build-up of bacterial numbers following treatment with antibiotics occasionally causes cured, sexually reproducing Trichogramma to return to parthenogenesis (Stouthamer et a!., 1990) . One female among offspring of tetracycline-treated bugs in this study also reverted to production of femalebiased offspring, and early male-killing in Drosophila is known to be sensitive to bacterial titre (Williamson & Poulson, 1979) . However, such an explanation for selection response in this study appears unlikely because the bacterial titre must have been high at the start of selection: it had to be sufficiently high to kill all male members of the all-female family used to found the selected lines. There is no reason to suspect that bacterial titre would have dropped in the next generation, then gradually increase over the next few generations. It seems more likely that the response was the result of selection against resistance to bacteria. The variance in offspring sex ratio among daughters in the all-female family suggests that there was variation for resistance to bacteria among stock parental males. Some males passed on genes that allowed their sons to survive exposure to male-killing bacteria, others did not. Alternatively, perhaps daughters were segregating for paternal genes that influence transmission rate. Other studies have shown that male identity can influence the degree of sex ratio distortion. In Oncopeltus fasciatus, crosses involving males from different geographical areas varied for sex ratio distortion (Leslie, 1984) . There is abundant evidence for variation in both bacteria and host in the spiroplasma-Drosophila interaction (Williamson & Poulson, 1979; Ebbert, 1991) . Selection on sex ratio distortion caused by feminizing bacteria in an isopod also revealed nuclear genetic variation for resistance (Rigaud & Juchault, 1992) , and Holloway (1984) found variation for resistance to female-biased sex ratio in the rice weevil, Sitophilus olyzae. Selection for male-biased sex ratio in the high-male line in this study also provides some evidence for resistance, although the alternative explanation that male-killing bacteria were simply lost from the line because of incomplete vertical transmission cannot be excluded.
Age effects A lengthy delay in the rearing of bugs diminished the expression of sex ratio distortion. The easing of sex ratio distortion could have been the result of low rearing temperature because declines in bacterial transmission rates are known to occur at both high and low temperatures (Ebbert, 1992 (Ebbert, , 1995 . Alternatively, maternal age could have influenced transmission rate. Declines in transmission rate with age are known in other species with early male-killing (see Ebbert, 1992) , and in other cases in which bacteria have effects on reproduction such as cytoplasmic incompatibility (Hoffmann et al., 1986 ). Leslie (1984) found no effect of maternal age on sex ratio distortion in 0. fasciatus, but the comparison involved differences in age of 3 weeks, considerably less than the 3 month delay in this study. Because there was mortality during the rearing delay, some selection may also have occurred among individuals in the selected families. If prolonged proliferation of bacteria can have a detrimental effect on females, survivors of the rearing delay could have been those females with greater resistance to bacteria or simply females who, by chance, had lower bacterial titres.
They would be less likely to produce offspring with a biased sex ratio. Unfortunately, the effects of cool rearing temperature, maternal age, and withinlineage selection are confounded in this unplanned experiment. However, it certainly appears that transmission rate can be affected by a lengthy period of cool temperatures during which reproduction is suppressed. Transmission rates could vary over a life cycle and be lower across an overwintering period. Because precise estimates of transmission rate are needed to model the dynamics of maternally transmitted sex ratio distortion (e.g. Werren, 1987; Hurst, 1991) , these results point to a need for examining transmission rates in the field over an entire life cycle, not simply under optimum culturing conditions in the laboratory.
Persistence of sex ratio distortion
One of the puzzles surrounding maternally inherited sex ratio distorters is their maintenance in populations given vertical transmission rates of less than 100 per cent and lack of evidence for horizontal transmission (Ebbert, 1992) . Over time, the agent of distortion should disappear from the population. Yet in most species around 10 per cent of females harbour the distorting agent (Ebbert, 1991 (Ebbert, , 1992 . Even though the frequency of host females in nature has not been investigated for S. hospes, the puzzle is probably applicable because vertical transmission rates were less than 100 per cent even in the line selected for lack of resistance, and no evidence for horizontal transmission was obtained in the experiment in which nymphs were fed eggs that presumably contained bacteria.
Somehow, female hosts must be gaining a reproductive advantage over nonhosts. Two potential mechanisms have been suggested (Hurst & Majerus, 1992) . One involves a reduction of inbreeding and any associated inbreeding depression (Werren, 1987) . Nonhosts are considerably more likely to undergo inbreeding than hosts and so could suffer more from inbreeding depression than hosts. At present this possibility is impossible to test for S. hospes because no data are available on levels of inbreeding in nature nor on possible inbreeding depression. In this study, propagation of lines through the small number of individuals associated with a selection experiment appears to have had a detrimental effect on egg hatch (see Fig. 2 ). Thus, at least one fitness component appears to be susceptible to inbreeding depression. Little is known about the ecology of S. hospes, but its host plants include weedy species of the milkweed genus Asciepias
The Genetical Society of Great Britain, Heredity, 77, 201-208. (Thangavelu, 1978) . Exploitation of these host plants typically favours a colonizing life history strategy (e.g. 0. fasciatus; see Dingle, 1978) , which, depending on the number of founders and their sources, and the number of generations produced before the next colonizing episode, could promote inbreeding. However, at present there are no data which would allow these parameters to be assessed for S. hospes. A second mechanism by which female hosts may gain a reproductive advantage over nonhosts is through reallocation of resources from dead brothers to sisters (Skinner, 1985; Hurst, 1991) . Perhaps early instar females gain a survival boost from consuming dead eggs. Egg cannibalism occurs in 0.
fasciatus (Dingle, 1968) and this behaviour was observed in S. hospes in this study. Although no data on fitness consequences of cannibalism are available, it seems likely that cannibalism could have a dramatic effect. As Hurst & Majerus (1992) point out, first and second instar nymphs of 0. fasciatus have poor survivorship (Sauer & Feir, 1973) , partly because of low searching capacity for seeds and difficulty in feeding from unopened seed pods (Ralph, 1977) . The feeding ecology of S. hospes is likely to be similar to 0. fasciatus because the species share host plant species, are both seedfeeders and are of similar size. Egg cannibalism may provide an alternative food source that can enhance survival through the critical early instars. Egg cannibalism may also boost the fitness of adult females.
These possibilities remain to be investigated. A second way that male death may facilitate reallocation of resources is through reduction of competition between brothers and sisters. The impact of intraspecific competition on individual fitness is unknown in S. hospes. However, as a colonizing species, resources are likely to be abundant compared with bug density. At collecting sites, S. hospes was easily outnumbered by an unidentified smaller hemipteran, suggesting that if competition is at all important, interspecific competition is likely to be more of a factor than intraspecific competition.
Moreover, gregarious behaviour seems to be important for efficient feeding (Ralph, 1977) and probably for effective display of aposematic colouration to potential predators (Vulinec, 1990) . Thus, the relationship of bug density to fitness will probably be a complicated function of a number of factors and some of these will have a positive effect on the relationship. Overall, reduced competition does not appear to be one of the more important means by which male death could boost the reproductive performance of female hosts in S. hospes or in general (Ebbert, 1992) .
In summary, sex ratio distortion in S. hospes is the result of a maternally transmitted agent that acts by killing male embryos. For the first time in a hemipteran, there is evidence that sex ratio distortion is caused by a bacterium. Vertical transmission was found to be incomplete, even in a line in which resistance to sex ratio distortion was successfully selected against. This raises the issue of how the bacterium persists in populations. The possibility that persistence is based on horizontal transmission via egg cannibalism has been ruled out. Sisters of dead males probably obtain a reproductive advantage through avoidance of inbreeding depression or resource reallocation, but these possibilities remain to be investigated.
